Gene disruption experiments have proven that the acrosomal protein IZUMO1 is essential for sperm-egg fusion in the mouse. However, despite its predicted function, it is not expressed on the surface of ejaculated spermatozoa. Here, we report the dynamics of diffusion of IZUMO1 from the acrosomal membrane to the sperm surface at the time of the acrosome reaction, visualized using a fluorescent protein tag. IZUMO1 showed a tendency to localize in the equatorial segment of the sperm surface after the acrosome reaction. This region is considered to initiate fusion with the oolemma. The moment of sperm-egg fusion and the dynamic movements of proteins during fusion were also imaged live. Translocation of IZUMO1 during the fertilization process was clarified, and a fundamental mechanism in mammalian fertilization is postulated.
Introduction
Mammalian fertilization is one form of cell-cell fusion and has been the subject of many studies. Recent experiments using variously prepared unilamellar liposomes have clarified fundamental physicochemical questions in fusion (Brunger et al., 2009; Wessels and Weninger, 2009) . Essential factors are also emerging using gene knockout approaches in studies on muscle cell fusion (Abmayr and Pavlath, 2012; Chen, 2011; Powell and Wright, 2011) , syncytial formation in the placenta (Dupressoir et al., 2011) , fusogens in epithelia and muscle cells in Caenorhabditis elegans (Sapir et al., 2007) , and fertilization in nematodes, plants, protists and mammals (Hirai et al., 2008; Ikawa et al., 2010; Nishimura and L'Hernault, 2010) , but the mechanisms involved in cell-cell fusion are still not fully explainable on a molecular basis.
The proteins CD9 (Kaji et al., 2000; Le Naour et al., 2000; Miyado et al., 2000) on eggs and IZUMO1 (Inoue et al., 2005) on spermatozoa are the only two factors proven so far to be essential in sperm-egg fusion. IZUMO1 is a protein with a single transmembrane domain and a short cytoplasmic tail. Izumo1 2/2 males are infertile because their spermatozoa are unable to fuse with eggs. However, IZUMO1 is not localized on the plasma membrane of mature spermatozoa (Okabe et al., 1987) . Before fusing with eggs, spermatozoa must undergo a physiological change called 'capacitation' and a subsequent morphological change involving restructuring of the sperm membranes and release of the acrosomal contents, called the 'acrosome reaction' (Yanagimachi, 1994) . Surprisingly, IZUMO1 was found on the sperm plasma membrane after the acrosome reaction (Inoue et al., 2005) . However, how IZUMO1 moves to the plasma membrane and how it behaves during sperm-egg fusion are questions that remain to be elucidated.
We produced a transgenic mouse line that expressed the IZUMO1-mCherry fusion protein (Red-IZUMO1). This transgenic mouse line was crossed with another transgenic mouse line that expresses green fluorescent protein (GFP) in the sperm acrosome (Nakanishi et al., 1999) , so that the acrosomal status could be monitored in living spermatozoa using fluorescence microscopy. Using this double transgenic mouse line, changes in the location of IZUMO1 during the acrosome reaction and the behavior of IZUMO1 at the moment of sperm-egg fusion were monitored
Results and Discussion

Visualization of IZUMO1 by tagging with mCherry
To visualize the translocation of IZUMO1 during fertilization in live spermatozoa, we generated a transgenic mouse line expressing mCherry-tagged IZUMO1 (Red-IZUMO1) using a calmegin promoter (Watanabe et al., 1995) . The expression of Red-IZUMO1 on sperm was confirmed by western blotting using anti-IZUMO1 and anti-mCherry antibodies (Fig. 1A) . The resulting Red-IZUMO1 was proven to be biologically functional by gene rescue experiments. When Red-IZUMO1 was introduced into an Izumo1 2/2 background, the infertile phenotype was rescued to the wild-type level. The average litter size obtained was 10.061.8 pups (mean 6 s.d., n510), while wild-type males with a similar genetic background produced 8.762.5 pups (n513). The present experiments were carried out using Red-IZUMO1 mice with an Izumo1 2/2 genetic background unless otherwise stated.
The localization of IZUMO1 in live spermatozoa before the acrosome reaction was investigated using the Red-IZUMO1 transgenic mice, crossed with another transgenic mouse line that expresses GFP in the acrosome (Green-Ac) (Nakanishi et al., 1999) (Fig. 1B) .
IZUMO1 is not detectable by antibodies in living spermatozoa before the acrosome reaction (Okabe et al., 1987; Inoue et al., 2005) . Therefore, we first estimated the localization of Red-IZUMO1 using a laser confocal microscope with a high magnification (6150) objective lens. As shown in threedimensional images, Red-IZUMO1 was localized exclusively in acrosomal cap region of both the inner and outer acrosomal membranes (Fig. 1C) . Supplementary material Movies 1 and 2 show the distributions of Red-IZUMO1 and GFP, in sections through orthogonal planes 'a' and 'b', respectively.
Despite its very soluble nature, the transgenically expressed GFP was observed exclusively in the outer region of the acrosome (Fig. 1C,D) . This might have been associated with the differential release of soluble and matrix components that occurs during the acrosome reaction (Harper et al., 2008; Kim and Gerton, 2003) and to the layered acrosomal structure shown by electron microscopy (Foster et al., 1997) .
Translocation of IZUMO1 during the acrosome reaction
In the next experiment, we aimed to track the movement of IZUMO1 during the acrosome reaction. Because mouse spermatozoa tend to die during observation using a normal confocal fluorescence microscope, we used a low-invasive Nipkow-disk confocal microscope live imaging system equipped with an electron multiplying charge-coupled device (EM-CCD) camera (Yamagata et al., 2009) (Fig. 2A) .
To observe the acrosome reaction in live spermatozoa, we used an isolated mouse zona pellucida to trap them. Zona-bound spermatozoa were incubated in a chamber situated on the stage of a confocal microscope at 37˚C under 5% CO 2 in air and were photographed periodically. A representative time-lapse observation of the acrosome reaction is shown in Fig. 2B and in supplementary material Movie 3, which depicts the disappearance of GFP between frames 4:43 (4 min and 43 s) and 5:00. Most Red-IZUMO1 apparently remained in the acrosomal cap region, with part seemingly diffused over the entire head at frame 5:00. This translocation subsided by frame 5:33. At the time of the acrosome reaction, the outer acrosomal and plasma membranes fuse to form pores and allow exocytosis of the acrosomal contents. This was when IZUMO1 translocate from the acrosomal membrane to the plasma membrane (Fig. 2B,C) , coincidentally with the disappearance of GFP from the acrosome. The total amount of Red-IZUMO1 fluorescence did not alter significantly following translocation to the plasma membrane (Fig. 2D) .
One of the characteristics of Red-IZUMO1 is its affinity for the equatorial segment (Fig. 2B ). Red-IZUMO1; after it had spread out to the entire head ('H'-type distribution), it showed a tendency to gather in the equatorial segment ('EQ' type). Another sperm protein, ADAM1B, is contained in the postacrosomal area and is not able to diffuse over the border to the equatorial Green-Ac' double transgenic mouse. GFP-positive, acrosome-intact spermatozoa had Red-IZUMO1 in the acrosomal cap (AC) area, whereas Red-IZUMO1 spread to the entire head (H) or to the equatorial segment (EQ) in GFP-negative, acrosome-reacted spermatozoa. (C) Three-dimensional confocal images of Red-IZUMO1 (red) and GFP (green) in an acrosome-intact spermatozoon. A GFP-depleted area (arrowhead) was found between the inner acrosomal membrane and a GFP-abundant area in the acrosomal matrix (see also supplementary material Movies 1 and 2). (D) Schematic diagram showing the three distinctively different areas overlapping with a scanning electron micrographic view of the sperm head (left). Note that Red-IZUMO1 was localized in both the outer and inner acrosomal membrane in the AC but not in the equatorial segment. Areas (i), (ii) and (iii) indicate a transverse section, an outer acrosomal-membrane-level view and plasma-membrane-level view of a spermatozoon, respectively. AC, EQ and PA indicate the acrosomal cap, equatorial segment and postacrosomal region, respectively. IAM, OAM and PM indicate the inner acrosomal, outer acrosomal and plasma membranes, respectively. 2/2 females mated with Red-IZUMO1 males were resistant to staining with Hoechst 33258 (cyan), indicating that they were still alive after penetrating the zona pellucida. Staining with the Alexa-488-conjugated mAb No. 107.57 antibody showed that ADAM1B was exclusively localized in the postequatorial segment of the spermatozoa (green). A magnified image of EQ-type sperm from the boxed area is shown on the right. Because sperm-egg fusion was blocked by using Cd9 2/2 eggs, no spermatozoa showed the AC dim pattern.
(B) Acrosome-intact (GFP-positive) spermatozoa on the egg plasma membrane always showed an acrosomal cap (AC) pattern, whereas the acrosome-reacted spermatozoa and spermatozoa imaged before fusion showed Red-IZUMO1 spread out to the entire head ('H'-type distribution), or with a tendency to gather in the equatorial segment ('EQ' type). segment (Kim et al., 2003) . However, this border did not seem to block the translocation of Red-IZUMO1. A testis-specific serine kinase (Tssk6) is reported to be involved in the translocation of IZUMO1 (Sosnik et al., 2009) , but the precise driving force and mechanism involved have yet to be clarified.
Diffusion of IZUMO1 to the egg plasma membrane
Cd9 2/2 eggs are known to have a defect in their ability to fuse with spermatozoa (Kaji et al., 2000; Le Naour et al., 2000; Miyado et al., 2000) . When mixed with wild-type spermatozoa, many fusioncompetent spermatozoa were observed in the perivitelline space of Cd9 2/2 eggs . We observed the localization of IZUMO1 in more than 200 of these spermatozoa and all of them showed EQ-or H-type fluorescence patterns (Fig. 3A) . This suggests that such patterns are typical for spermatozoa before fusion.
In the next experiment, we preincubated wild-type eggs with cell-permeable Hoechst 33342 and allowed the egg cytoplasm to accumulate this dye. Spermatozoa were then added to the eggs. In this condition, only egg-fused sperm nuclei become stained with Hoechst 33342 (Inoue et al., 2005) . These fused spermatozoa showed IZUMO1 localization in their acrosomal cap area with a dim fluorescence (AC dim pattern) without exception ( Fig. 3B ; supplementary material Table S1 ).
By live imaging using transgenic mouse spermatozoa, it was indicated that fusion started from the equatorial segment and proceeded to the posterior part of the sperm head, as the dispersal of ADAM1B to this area (Hunnicutt et al., 2008) did not take place until all the Red-IZUMO1 in the equatorial segment had diffused away (Fig. 3C) . AC dim pattern appeared after Red-IZUMO1 from the equatorial segment diffused to the egg plasma membrane (Fig. 3C ). In combination with the observation shown in Fig. 4A , AC dim pattern was indicated to derive from Red-IZUMO1 initially resided in the acrosomal cap area of inner acrosomal membrane. The diffusion of Hoechst 33342 to the sperm nucleus started in the equatorial segment, where the disappearance of Red-IZUMO1 was first observed, progressing then to the posterior direction and finally to the anterior part. It took about 5 min for spermatozoa to proceed from the initiation of fusion to the latter stage ( Fig. 3C ; supplementary material Movie 4). Spermatozoa that did not take up the Hoechst dye failed to show diffusion of either Red-IZUMO1 or ADAM1B.
Internalization of inner acrosomal membrane after fusion
After fusion with an egg in the equatorial segment, the sperm membrane comprises a continuous single membrane plane with a complicated invaginated structure. However, sperm-egg fusion is not fully accomplished at this point, as electron microscopic observation has indicated the ''internalization'' of the invaginated inner acrosomal membrane occurs later in the fertilization process (Bedford et al., 1979; Huang and Yanagimachi, 1985) .
When CD9-GFP eggs (Miyado et al., 2008) were fertilized by Red-IZUMO1 spermatozoa, a wedge-shaped vesicle that included both sperm and egg membranes was found to form the AC dim pattern (Fig. 4A) . Because the AC dim pattern was observed in all fusing spermatozoa, this internalization, which was shown to take about 5 min, was an essential process for fertilization (Fig. 4B) .
It should be noted that the ''internalization'' process also requires membrane fusion. The principle of this fusion is to divide a single membrane into two separate membranes in contrast to the initial sperm-egg fusion, which joins two membranes into one ( Fig. 4C; supplementary material Figs S2, S3) .
These dynamic movements of the sperm and egg membranes during fertilization, which were demonstrated by gene-manipulated animals, will help elucidate the mechanisms of mammalian fertilization.
Materials and Methods
Animals and antibodies
All of the animal experiments were performed with the approval of the Animal Care and Use Committee of Osaka University. Izumo1 2/2 and B6;C3 Tg(acro3-EGFP)01Osb transgenic mouse lines were generated as described (Inoue et al., 2005; Nakanishi et al., 1999) . The Cd9 2/2 mouse line (Miyado et al., 2000) was a gift from E. Mekada of Biken. Anti-ADAM1B monoclonal antibody (mAb No. 107.57), generated as described , was conjugated with Alexa Fluor 488 using an antibody labeling kit (Life Technologies, Carlsbad, CA, USA).
Generation of Red-IZUMO1 transgenic mice
A construct was prepared in the pBluescript SK II+ plasmid. We designed a testisspecific expression construct inserting Izumo1 cDNA conjugated with mCherry (derived from the pmCherry-N1 vector; Takara Bio Inc., Shiga, Japan) at the Cterminal between the calmegin promoter and a rabbit beta-globin polyadenylation signal (Red-IZUMO1: Fig. 1A ). Transgenic mouse lines were produced by injecting 3.0 kb AseI-SalI DNA fragments into the pronuclei of Izumo1 +/2 male6Izumo1 2/2 female fertilized eggs. After transfer of the embryos to pseudopregnant foster mothers, we obtained nine pups that were demonstrated to have the transgene by polymerase chain reaction (PCR) amplification. Offspring carrying the transgene were identified by PCR using primers A (59-CCTTCCTGCGGCTTGTTCTCT-39) and B (59-GGTCTCAGAACTTTGCTCCCAAACCCTGTA-39) for the transgene of Izumo1-mCherry. The endogenous Izumo1 and their mutated alleles were detected by PCR using primers C (59-GGGTTCACTCTCCAGCTACCCCAAACTCAC-39) and D (59-CAGAACCCCGAACCCAGCCTATGCC-39) and primers E (59-GCTTGCCGAATATCATGGTGGAAAATGGCC-39) and D, respectively. Among these lines, one transgenic line retained the brightest red fluorescence derived from mCherry on the sperm head and was used in all analyses.
Immunoblot analysis
Immunoblot analysis was performed as described previously (Inoue et al., 2008) . Samples were subjected to sodium dodecyl sulfate PAGE followed by western blotting under reduced conditions. For IZUMO1, antibody mAb No. 125 was used. For mCherry, a cross-reacting antibody against red fluorescent protein No. 632397 (Becton Dickinson and Co., Franklin Lakes, NJ) was used.
Three-dimensional image reconstruction of Red-IZUMO1:Green-Ac spermatozoa
Deconvolution analysis was performed on confocal Z-stacks (0.1 mm optical thickness) by using the Iterative Deconvolve 3D plugin of ImageJ software (http://rsbweb.nih.gov/ ij/). An oil-immersion, high-magnification objective lens (UAPON 150XOTIRF, Olympus, Tokyo, Japan) was used for Nipkow-disk confocal microscopy.
Time-lapse imaging of acrosome reactions on the zona pellucida
The ooplasm was flushed out from the zona pellucida using a piezo manipulator (Yamagata et al., 2002) and the empty zonae were collected. Spermatozoa from the Red-IZUMO1:Green-Ac double transgenic mouse line were preincubated for 90 min in TYH medium (Toyoda et al., 1971) and were added to the empty zonae at a final concentration of 2610 5 cell/ml. After 3 min, the spermatozoa on the zonae were transferred to an observation chamber with a glass-bottomed dish and were gently pressed down with a coverslip. The chamber was set on an inverted microscope equipped with a noninvasive Nipkow-disk confocal system (Yamagata et al., 2009 ) and confocal images were taken every 15 s for 50 min under three different laser excitations (405, 488 and 561 nm). At each time point, five images with a different z-axis plane (1 mm increments) from the bottom were photographed. A water-immersion objective lens (UPLSAPO 60XW, Olympus, Tokyo, Japan) was used. Dead spermatozoa were identified and excluded from the analysis by DNA staining with the cell-impermeable Hoechst 33258 (blue) dye.
Observation of sperm-egg fusion by dye transfer
Hoechst dye transfer from B6D2F1 eggs to Red-IZUMO1:Green-Ac spermatozoa was observed as described (Inoue et al., 2005) without using any fixative.
Observation of Red-IZUMO1 spermatozoa in the perivitelline space of Cd9 2/2 eggs Cd9 2/2 females were mated with Red-IZUMO1 males 12 h after an hCG injection for ovulation induction. Vaginal plug formation was examined every 15 min and eggs were recovered from the Cd9 2/2 females 8 h after coitus. Cumulus cells were removed by hyaluronidase treatment and dead cells were identified by incubation with cell-impermeable Hoechst 33528 dye for 15 min. Spermatozoa in the perivitelline space were stained (or not stained) with an Alexa-488-labeled anti-ADAM1B antibody (mAb No. 107.57) for 15 min and the eggs were observed using confocal microscopy after being pressed gently between the observation dish and a coverslip ( Fig. 2A) .
Time-lapse imaging of sperm-egg fusion
Zona-free and Hoechst 33342-loaded B6D2F1 eggs were prepared as described above. Epididymal spermatozoa were collected from males and preincubated in TYH medium with the anti-ADAM1B antibody for 90 min and were then added to the zona-free eggs at a final concentration of 2610 5 spermatozoa/ml. After incubation for 2 min, the eggs were transferred to 3 ml TYH drops in an observation chamber as described above, except that four blobs of Vaseline grease were placed around the eggs to prevent them from being squashed. Confocal microscopy images were taken every 30 s for 50 min under three different laser wavelength excitations (405, 488 and 561 nm). At each time point, 11 images with different z-axis planes (in 0.5 mm increments) were photographed.
Colocalization of CD9 with internalizing IZUMO1 signals on the inner acrosomal membrane
Fertilization between Hoechst 33342-loaded zona-free Cd9
2/2
;CD9-GFP eggs and Red-IZUMO1 spermatozoa was observed. After incubation with spermatozoa for 5 min, the eggs were washed briefly and observed. Confocal images of whole eggs with different z-axis planes (in 1 mm increments) were taken every 7.5 min for 45 min.
